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Abstract Aims/hypothesis. Type I (insulin-dependent) diabetes mellitus is a T-cell mediated autoimmune disease.
Several subsets of T-cells, in particular CD4
+ and in vivo activate CD45RA + RO + T-cells, have been shown to be increased at disease onset. The functional implications of these relative increases in CD4 Tcells were investigated. Results. Proliferative responses to tetanus toxoid were primarily or exclusively observed in resting memory T-cells (CD45RO + ). Autoimmune T-cell responses were, however, primarily measured in activated T-cells (CD45RA + RO + ) in newly diagnosed Type I diabetic patients, whereas those with longer disease duration reacted to autoantigens with memory T-cells (CD45RO + ) (p < 0.004). Interestingly, in non-diabetic control subjects not responding to autoantigens in the regular assay, considerable autoreactive T-cell responses were detectable after sorting in the CD45RO + or CD45RA + RO + lymphocyte subsets. Remixing these subsets showed that these autoimmune responses in activated cells could be downmodulated by CD45RA + lymphocytes, whereas resting memory cells appeared unaffected by the suppressive CD45RA subset. Conclusion/interpretation. These results show that autoimmune T-cell responses can be linked to particular subsets which differ depending on clinical status. Furthermore, the CD45RA T-cell subset harbours lymphocytes potentially capable of suppressing autoimmune T-cell responses. The changes in responsiveness to exogenous insulin may help to unravel the mechanism by which isohormonal therapy could prevent the onset of Type I diabetes. [Diabetologia (1999) 
42: 443±449]
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It appears that not only the level of reactivity differs between patients with Type I diabetes and control subjects but also the distribution of particular leucocyte subsets. An increased proportion of CD4 positive cells [13±17] and decreased proportion of CD8 positive cells [14, 18] in Type I diabetes has been reported by several groups. Additional studies have shown that at diagnosis, Type I diabetic patients have larger numbers of lymphocytes co-expressing the naïve (CD45RA) and the memory (CD45RO) markers [19±21] . We have confirmed and extended these findings in a study on a large number of patients with Type I diabetes and non-diabetic control subjects [22] . The CD45RA + RO + population is assumed to contain lymphocytes activated in vivo and express increased activation markers such as HLA-DR and CD25 [23±26] . The basis for these disease-related alterations in lymphocyte subsets in Type I diabetic patients is not yet known but might be associated with the autoimmune nature of the disease. Furthermore, the abnormal distribution of subsets present in Type I diabetic patients is similar to those observed in other autoimmune diseases such as systemic lupus erythematosus [27] , multiple sclerosis [28] and rheumatoid arthritis [29] . Although the underlying aetiologies could differ among the various autoimmune diseases, there seem to be similarities related to alterations in immune regulation.
The functional implications of these abnormalities in of different phenotypes of Type I diabetes are not known, and the possibility that a particular subset of T-cells could be responsible for the autoreactivity seen in Type I diabetes remains to be substantiated. In Type I diabetic patients retrospective comparison of responsiveness in lymphocyte stimulation test (LST) assays with different percentages of subsets (CD45RA  + ; CD45RA  + RO  + ; CD45RO  + ) showed a  correlation between toxic tetanus responses and  the percentage of memory cells (CD45RO  + ) . Furthermore, the percentage of in vivo activated Tcells (CD45RA + RO + ) correlated with the extent of the reaction against insulin secreting granules in Type I diabetic patients (unpublished data). This could indicate that, rather than reflecting an epiphenomenon, an abnormal distribution of lymphocyte subsets is actually associated with the disease process of Type I diabetes.
Autoreactive T-cells are not unique to Type I diabetic patients but can also be detected in healthy non-diabetic control subjects. We aimed to define the subset of lymphocytes responsible for autoreactivity to islet autoantigens. Furthermore, lymphocytes of non-responding control subjects were divided into subsets on basis of their activation status and subsequently analysed for modulatory capacity. Functional testing of the different subsets (CD45RA, CD45RA/RO and CD45RO) in vitro from patients with recently diagnosed, and longstanding Type I diabetes, and healthy control subjects were carried out in lymphocyte stimulation test (LST) assays.
Subjects and methods
Patients. Clinical parameters of the 15 individuals studied are shown in Table 1 . After the patients' parents had given informed consent, heparinized blood samples (minimum 30 ml) were obtained from five children with newly diagnosed Type I diabetes before the first injection of insulin (age range 0.5±13 years old, mean age 5.9; 3 female). In addition, five long-standing Type I diabetic patients were tested at least 3 years after clinical onset of the disease (age range 5±17 years old, mean age 9.6; 3 female). For ethical reasons, slightly older non-diabetic subjects (n = 5) were randomly selected as controls (age range 15±30 years old, mean age 22.0; 4 female). All blood samples were normoglycaemic.
Antigens. An insulinoma membrane preparation obtained from RINm5F rat beta-cell line prepared as described previously [12] was tested at a concentration of 10 mg/ml. Insulin (Actrapid; Novo Nordisk, Alphen aan de Rijn, The Netherlands) was denatured and tested at a concentration of 25 mg/ ml. Tetanus toxoid was obtained from the National Institute of Public Health and Environmental Protection in The Netherlands and tested at a concentration of 12 U/ml.
Lymphocyte subsets. For phenotype analyses of cell surface markers, we used monoclonal antibodies anti-CD45RO (phycoerythrin conjugated) (DAKO, Glostrup, Denmark) and anti-CD45RA (Fluorescein isothiocyanate conjugated) (Becton and Dickinson, Oxford, UK). Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll density gradient centrifugation from 30 ml of freshly drawn heparinized blood. We incubated 10´10 6 cells with saturating amounts of these two monoclonal antibodies for 45 min at 4°C, and washed them twice in PBS. The cells were finally sorted after gating the lymphocytes on a FACstar sorter (Becton and Dickinson) and collected in three separated subsets expressing CD45RA, CD45RA and RO, or CD45RO respectively. A representative example of the gate settings is provided in Figure 1 . Simultaneously, 10´10 6 (unstained) peripheral blood mononuclear cells (PBMC) were irradiated (2000 rad) and saved as autologous antigen-presenting cells (APC).
Lymphocyte stimulation assay. Pilot experiments had indicated that the viability of purified PBMC was affected by overnight storage at room temperature before the monoclonal antibody staining procedure. Consequently, the entire experiment was done in one day. The limiting factors in these experiments were the cell recovery after sorting, and the duration of the sorting and plating of the lymphocytes in the tissue culture plates.
Of each subset, 2.5´10 4 cells were cultured in triplicate in round bottom 96 (well) tissue culture plates (Costar, Cambridge, Mass., USA) for 5 days at 37°C, 5 % CO 2 , in 150 ml of Iscove's modified Dulbecco's medium with 2 mmol/l glutamine (Gibco, Paisley, UK), supplemented with 10 % human type AB pool serum in the presence of either beta-cell membranes, insulin, tetanus toxoid, T-cell growth factor interleukin-2 (10 % Lymphocult, Biotest, Dreieich, Germany) or medium alone. We added 10´10 4 irradiated autologous PBMC as feeders (APC) to each well. In addition, mixing experiments with the different subsets (2.5´10 4 cells per subset) were carried out if sufficient amounts of cells were recovered from the sorting procedure. For comparison, unstained PBMC from each subject were tested in a regular lymphocyte stimulation assay as described previously [12] with 15´10 4 cells per well in the presence of the antigen. After 5 days, 50 ml of RPMI-1640 (Dutch modification: Gibco) containing 19 KBq (0.5 mCi) of [3H] thymidine was added per well and the incubation was continued for 16 h. Cultures were then harvested on glass-fibre filters in an automatic skatron 1105 micro-cell harvester (Skatron, Oslo, Norway). We measured [3H] thymidine incorporation by liquid scintillation counting with an LBK 1205 betaplate counter (Pharmacia, Uppsala, Sweden). The results are expressed as stimulating indices (SI) [cpm in the presence of antigen divided by cpm in the absence of stimulus (medium)]. The distribution of proliferation in the different subsets for all patients was calculated. The mean values of this distribution for each group of subjects are presented in Figure 2 with the mean SI and median for each subset shown within the bars.
Results
Proliferative responses to tetanus toxiod. In all groups of subjects tested, similar proliferative responses to tetanus toxiod were measured (Fig. 2) . Proliferation was primarily observed in memory (primed) T-cells (CD45RO + ). The mean SI for this subset in each group of patients (SI = 99.3 in recent onset, 92.9 in post onset Type I diabetic patients and 279.0 in control subjects) was higher than that for the double positive fraction of lymphocytes (CD45RA + RO + ) (SI = 12,4 in recent onset, 9.9 in post onset Type I diabetic, and 41.0 in control subjects) (p < 0.05). Proliferation of the naïve (unprimed) T-cells (CD45RA + ) was virtually absent. The relative distribution of proliferation on subset level for the three groups of subjects was not statistically different. The mean SI within the memory cells (CD45RO + ) in Type I diabetic patients was lower than that of the healthy control subjects but this might be explained by the patients being younger than the control subjects and the naïve/memory lymphocyte ratio decrease with increasing age [30] . The relative distribution of responsiveness between the different subsets of lymphocytes reflects, however, the trend that proliferative responses to tetanus toxiod were mainly observed in memory cells (CD45RO + ).
Proliferative responses to insulin. Newly diagnosed Type I diabetic patients displayed a reactivity pattern that was different to that of patients with long-standing disease (p < 0.004) and to non-diabetic control subjects (p < 0.03). They responded weakly in the regular LST to insulin (mean SI 3.0; median 3.0) (Fig. 2) . Autoreactive T-cells co-expressing the CD45RA and CD45RO markers were, however, able to respond strongly to insulin. The mean SI in this group of patients for the activated T-cells (CD45RARO + ) in vivo was 16.0 (median 10.0). In addition, only one newly diagnosed Type I diabetic patient responded to insulin with the single positive CD45RO T-cells (SI 6.0) to insulin. Hardly any proliferation was detectable within the naïve (CD45RA + ) population of lymphocytes.
Patients with long-standing Type I diabetes did not respond differently from non-diabetic control subjects. As for tetanus toxoid, in patients with longstanding proliferation to insulin Type I diabetes was primarily measured in the CD45RO + T-cells (mean SI 5.0, median 4.9). None of these patients showed proliferative responsiveness with double-positive T lymphocytes (CD45RA + RO + ). Naïve T-cells contributed only marginally to the proliferative response.
One non-diabetic subject responded to insulin in the regular standard LST (SI 3.4). On subset level, proliferative responses to insulin were, however, detectable in both the CD45RO + and CD45RA + RO + T-cells. The mean stimulation indices for these two subsets were above background levels (mean SI 4.0, median 2.8 and SI 3.0, median 0.9, respectively).
Proliferative responses to insulinoma membranes. Differences in response patterns were observed between newly diagnosed Type I diabetic patients and patients with long-standing disease (p < 0.004), but not between diabetic patients (both recent onset and long-standing) and non-diabetic control subjects. Newly diagnosed Type I diabetic patients responded to the beta-cell membrane preparation in the regular LST as described previously [12] (Fig. 2) (7) 10 (5) 41 ( (5) 99 (62) 93 (36) 279 (50) 16 (10) 5 (5) 2 (2) 19 (5.4) 2 (1)
105 (92) 28 (10) 24 (7) 4 (3) 3 (1) 1 (1) 1 (1) 2 (1) 3 (3) 3 (3) 3 (2) 15 (10) 4 (4) 1 (1) 1 (1) 2 (2) beta-cell membranes (%) In contrast, only one patient with long-standing Type I diabetes showed a (marginal) response to insulinoma membranes in the standard LST (mean SI 2.9, median 1.5). This confirmed previous studies [11, 12, 31] . When proliferation was measured on subset level, a shift in responsiveness was, however, observed. Unlike newly diagnosed Type I diabetic patients, those with long-standing disease yielded proliferative responses of memory T-cells (CD45RO + ) to beta-cell antigen (mean 3.5, median 4.0).
Finally, two non-diabetic control subjects responded in the standard LST to the beta-cell membranes. The mean SI was 3.0 (median 3.2). Furthermore, positive proliferative responses were detected in both the CD45RA + RO + and CD45RO + subpopulations of lymphocytes (mean SI 21.0, median 4.5; and 7.0, median 6.3, respectively).
Modulation of proliferation responses in healthy nondiabetic control subjects. In two non-diabetic control subjects that were non-responders in the regular LST assay, T-cells autoreactive against beta-cell membrane antigen or insulin were detectable upon sorting into the various subsets (Fig. 3) . High proliferation to insulin or insulinoma membranes or both was seen in the double positive (CD45RA + RO + ) population and also to a lesser extent in the single positive CD45RO T-cells (Fig. 3) . When recombining the different subsets in mixing experiments (in 1:1 ratio), the proliferative responses of the recently activated T-cells (CD45RA + RO + ) could be suppressed almost completely by CD45RA expressing lymphocytes (inhibition 96.8 and 98.7 % for beta-cell membranes and insulin, respectively). In contrast, the proliferative response to recall antigen (tetanus) was not affected by co-culture with naïve lymphocytes. Interestingly, responding autoreactive memory cells (CD45RO + ) could only be suppressed partially (40.8 % and 3.1 % inhibition of the proliferation to beta-cell antigen and insulin, respectively). The positive autoreactive responses in the CD45RA + /RO + fraction were, however, not affected by addition of equal numbers of cells of the CD45RO + subset (data not shown). Similar mixing experiments were carried out for Type I diabetic patients if sufficient numbers of blood cells were recovered after sorting. Interestingly, two long-standing Type I diabetic patients with positive proliferation in the CD45RO + memory lymphocyte fraction to insulin or beta-cell antigen contained recently primed activated T-cells (CD45RA + RO + ) which were able to down-modulate the autoimmune response to beta-cell membrane antigen or insulin response by 58.2 % and 90.1 %, respectively.
Discussion
The novelty of this study is threefold. Even though we were not able to find differences in T-cell autoreactivity in patients, with either newly diagnosed or long-standing Type I diabetes or in non-diabetic control subjects in unsorted PBMC, we could detect increased autoreactivity to islet autoantigens that differed in all three groups of subjects tested. Firstly, Tcell response to islet autoantigens is almost exclusively present in recently activated lymphocytes of recent onset Type I diabetic patients. Secondly, therapy with exogenous insulin appears to change the autoimmune response to insulin and other beta-cell membranes. Thirdly, regulation of autoimmune T-cells in non-diabetic control subjects and those with long-standing Type I diabetes has been shown. Although the technology applied limited the numbers of subjects that could be studied, the results obtained were remarkably reproducible within groups of subjects with very different patterns of reactivity between these groups.
On the basis of activation status the functional implications of abnormalities in subsets of T-cells could be assigned. After sorting into subsets according to lymphocyte activation status, we noted clear differences in the autoreactive T-cell proliferation between newly diagnosed patients, insulin-treated patients and non-diabetic control subjects. As expected, Tcell reactivity to recall antigen (tetanus toxoid) was detectable in the proportion of memory lymphocytes but not in unprimed T-cells. No qualitative differences were measured between Type I diabetic patients at or after diagnosis or in non-diabetic control subjects. In contrast, proliferation in response to islet autoantigens differed greatly in the three groups studied. The temporary increase in numbers of recently (re)activated T-cells correlated with the temporary increase in islet cell autoreactivity. Autoreactivity of T-cells was most pronounced in recently activated lymphocytes at diagnosis of Type I diabetes, and memory T-cells in patients with long-standing Type I diabetes, whereas non-diabetic control subjects did not show any preferential proliferation to insulin in either naïve, primed or memory lymphocytes. The Tcells of non-diabetic control subjects could, however, respond to rat insulinoma membrane in subsets of lymphocytes despite negative reactivity of unsorted PBMC, suggesting that this response was regulated.
The T-cell reactivity to islet autoantigens changed after cessation of insulitis and exposure to exogenous insulin. These changes were not only to T-cell reactivity to insulin, but also to beta-cell membranes, whereas the immune response to recall antigen (tetanus) was unaffected. Our results suggest that exogenous insulin could cause alterations in diabetes-associated autoreactivity, which might be relevant to the Diabetes Prevention Trial-1 (DPT-1). This trial aims at intervention in the pathogenesis of Type I diabetes by subcutaneous or oral immunization with insulin. We have previously reported that Type I diabetic patients treated with insulin for 12 months recognise less insulin epitopes than newly diagnosed Type I diabetic patients [31] . Furthermore, T-cell responses to whole insulin were absent in insulin-treated patients, in contrast to newly diagnosed Type I diabetic patients and non-diabetic control subjects. These data suggest that exogenous insulin can indeed alter immune reactivity. The mechanism of this effect is not known but could involve activation of different subsets of lymphocytes. Alternatively, insulin treatment might stimulate regulatory T-cell subsets. The results of this study imply that regulatory lymphocytes with naïve phenotype do exist. They effectively suppress activated autoreactive T-cells but not inactive or reactivated memory T-cells. It appears that non-diabetic subjects have sufficiently down-modulated autoreactive Tcell responses after sorting, despite the evident autoreactivity of T-cell subsets.
It has been proposed that newly diagnosed Type I diabetic patients have a block in lymphocyte maturation with an accumulation of cells co-expressing CD45RA and CD45RO [19, 32, 33] . It has further been hypothesized that the presence of this subset could be due to temporary T-cell hyperactivation [21, 26] . Our results confirm that high autoreactivity to both insulin and beta-cell membranes is measurable in recently activated lymphocytes at diagnosis, but is not detectable in memory T-cells of these subjects. This suggests a maturation defect. We also noted, however, that autoreactivity is increased in memory T-cells of patients with long-standing Type I diabetes, in the absence of autoreactivity in recently activated T-cells. This could imply that lymphocytes primed and activated at diagnosis mature to resting memory T-cells after Type I diabetes is established. Alternatively, a different (regulatory) subset of lymphocytes might have become primed and activated upon exposure to exogenous insulin injections, thereby explaining the autoreactivity in the memory lymphocyte fraction in patients with long-standing Type I diabetes.
Testing the different subsets from healthy subjects showed that they, as well as Type I diabetic patients, have autoreactive T-cells but these appear to not respond in regular (i. e. unsorted) proliferation assays. Both the memory and recently activated T-cells proliferated in the presence of either insulinoma membranes or insulin although proliferation in the regular LST for these subjects was not evident. This implies that autoreactive T-cells in healthy subjects in vivo are modulated so that responsiveness to any self antigens is prevented. The mechanism by which such modulation is achieved is not clear. It has been proposed that primed autoreactive T-cells die upon stimulation with antigen in order to prevent them from maturating into active autoreactive T-cells [34] . Furthermore, it has been shown that some lymphocytes elicit suppressor function. Decrease or absence of these cells could result in the activation of autoreactive T-cells [27] . In our remixing experiments where combinations of subsets were tested with the different antigens, we show that the aberrant autoimmune response in the healthy control subjects could be down-modulated by CD45RA + expressing lymphocytes. The suppression primarily seemed, however, to be effective for recently activated lymphocytes, rather than resting memory cells. This notion was supported by the observation that the response to the recall antigen tetanus was not affected by addition of the regulatory subset of lymphocytes. That CD45RA positive lymphocytes may elicit a suppressor function has been reported previously [27] . Very recently, it was reported that treating patients with multiple sclerosis with depleting CD4 monoclonal antibody was ineffective because of the preferential loss of circulating naïve (CD45RA + ) T-cells [35] . This observation is in line with our data. Although the lack of T-cell responses in CD45RA + lymphocytes is consistent with a naïve phenotype, there is evidence to show that a fraction of these cells have been previously activated, as is illustrated by the expression of Fas [35] . This implies that the switch in phenotype is not unidirectional, as CD45RO + lymphocytes can switch back to CD45RA + /RO -phenotype after a prolonged absence of antigen [36] .
